This research reports on the development of a mathematical modeling to simulate the transpiration cooling in a rocket thrust chamber. The transpiration cooling is a process used to protect the thrust chamber wall of a liquid rocket engine so that the coolant can mitigate the large amount of heat transfer by getting preheated prior to entering the thrust chamber. The mathematical model for the porous layer is developed in cylindrical coordinate system, and the results are validated by the experimental results available in open literature. Also, a numerical method is developed to solve the equations of hot gases which are flowing through the nozzle in order to provide the hot boundary condition of the porous layer. The flow equations within the porous medium are solved separately to analyze the important parameters affecting the transpiration cooling process. A parametric study is performed to investigate the effect of coolant mass flow rate, hot face boundary condition, gas type, and porous layer thickness. Moreover, the internal convective heat transfer between solid structure and the coolant flow is studied. The porous solver code is then coupled with the gas solver code to examine the cooling process more realistically. The results show the variation of gas properties through the nozzle and the effect of transpiration cooling on them. The paper concludes with a demonstration of a sample method of controlling the nozzle wall temperature.
Introduction
One of the most important issues in designing a propulsion system for space vehicles is the cooling problem of engine. Transpiration cooling is the process of injecting a coolant fluid into a porous layered material in order to absorb the incoming heat flux from the main structure. In this process, the injected coolant absorbs a significant amount of heat and transports it to the thrust chamber.
The studies on transpiration cooling for aerospace applications date back to 1947. Rannie 1 has developed an approach to analyze the temperature of the porous wall for laminar flow and compared his theory to some experimental results. Eckert and Livingood 2 have carried out studies in which they showed the superiority of transpiration cooling to the other methods such as film cooling. The Reynolds number range for turbulent flow was considered, Re ¼ 10 5 to 10 9 . Also, a Stanton number relationship was proposed for the hot side heat transfer. In their study, thermal equilibrium between the porous wall and the coolant was assumed, and they neglected the radiation from the surroundings to the wall. Studies conducted on transpiration cooling with foreign gas injection by Meinert 3 specified the influence of foreign gas transpiration on skin friction and heat transfer. They created simple empirical correlations describing skin friction and heat transfer reduction depending on the blowing ratio, the temperature difference, and especially the blowing gas properties. These studies, in particular, focused on the heat transfer and friction of the main flow, which can be affected by the injected transpired coolant. The German Aerospace Center (DLR) has contributed to a variety of research projects on this cooling technique. Lezuo and Haidn, for example, studied transpiration cooling experimentally and theoretically as a part of the Integrated HighPayoff Rocket Propulsion Technology Program (IHPRPT) at German Aerospace Center (DLR).
with porous wall segments. Employing H 2 and H 2 O as the coolants, they calculated Stanton numbers based as a heat transfer character based on the experiments. In addition, they investigated numerical work to emphasize the development of the temperature transients inside the porous walls. In another line of research, Greuel et al. 5 carried out an experimental study on the performance of transpiration cooled thrust chamber for C/C liners with hydrogen as the coolant. They showed the applicability of transpiration cooling to C/C liners used in liquid rocket engines. They also studied the performance of a transpiration cooled thrust chamber due to variation of coolant mass flow rate. So¨zen and Davis, who investigated transpiration cooling using numerical method, focused on incompressible flow model to which they applied implicit and explicit approximation methods. 6 They also attempted to solve compressible flow model in a simple one-dimensional cylindrical domain, though they did not obtain acceptable results due to the lengthy process of running their computer code. Langener et al. 7, 8 also performed an experimental study of transpiration cooling using C/C porous structure. 7, 8 The major part of their research was embedded within the framework of the ATLLAS project and supported by experiments embedded within the SFB-TRR40 project. The C/C samples were first characterized with respect to their outflow and through-flow behavior in separate test setups. Then, these samples were exposed to heated supersonic and subsonic flows generating different heat loads. The surface temperature of the porous wall segments was determined using thermocouple measurements and calibrated infrared thermography. One of the substantial parts of their research was studying one-dimensional temperature distribution of samples using different coolants such as Air and Helium.
Further detailed parametric studies are necessary to demonstrate the functionality and applicability of transpiration cooling in a rocket engine. In order to contribute to the field, thus, this study presents a mathematical model of flow in porous media in cylindrical coordinate coupled with a quasi-one-dimensional model for gas flow in a rocket nozzle. The thrust chamber model considers area variation, skin friction, heat transfer, and mass addition as the interaction with the porous media. This study also investigates the parameters (such as the thickness of porous layer, the mass flow rate of coolant, and the heat transfer coefficient) affecting transpiration cooling process.
System description and mathematical modeling
System description Figure 1 shows the schematic illustration of transpiration cooled thrust chamber of a rocket. Hot gas flows in the chamber that touches a permeable liner (i.e. porous layer). The coolant is injected into the porous layer from the outer (cold) boundary. Figure 2 shows the expected temperature distribution within the porous layer and the boundary temperatures. The mathematical model of the transpiration cooled thrust chamber is developed in a Cartesian coordinate system, first, and then in a cylindrical coordinate system.
Mathematical modeling in Cartesian coordinate system and benchmarking
Langener et al. 7, 8 performed an experimental study on transpiration cooling in C/C liners. The goal of this experimental study was to test and qualify C/C ceramic matrix materials (i.e. CMC) for the application in rocket or scramjet engines. A rectangular C/C porous layer was used and air was the coolant. The properties of C/C porous layer used in the experimental study are expressed in Table 1. Also, Table 2 presents the mass flow rates and the corresponding boundary temperatures. The temperature profiles for different mass flow rate of injected coolant for the case of subsonic main flow were obtained.
Thus, prior to developing the mathematical modeling in cylindrical coordinate system to simulate the transpiration cooled thrust chamber, a mathematical model in Cartesian coordinate system is developed to simulate the experiment performed by Langener. Figure 3 shows the temperature profiles of both experimental study and numerical simulations, indicating that the numerical results are in a very good agreement with that of the experimental.
Mathematical modeling in cylindrical system
The mathematical model is developed to simulate the behaviors of the coolant and the porous structure. In modeling, the system is considered as a one-dimensional cylinder with respect to the radial distance from the centerline of the cylinder (see Figure 1) . In reality, the geometry is a hollow cylinder with the inner and outer radiuses of r i and r o , respectively.
The governing equations are written in general form for compressible flow as follow 9 Continuity equation:
where
Equations (1) and (2) can be solved to yield the density and velocity fields, respectively. However, according to the previous studies and because of the specific conditions of transpiration cooling such as low range of mass flow rate and the porous sample thickness, the flow is strictly laminar. This is also proved by the low range of Reynolds number within the porous medium calculated in the later sections. Therefore, due to density variation within the sample, it is a 'weak compressible flow' and solving continuity and momentum equations to get density and velocity will not be helpful. 10 An appropriate method of solving this kind of flow is to solve the steady form of continuity equation for Darcy velocity, and afterwards, to solve the steady form of momentum equation for pressure. 10 As a result, equations (1) and (2) are stated in the steady-state form as
Energy equation. It is assumed that the solid and fluid within the porous media are not in thermal equilibrium (see Figure 2) . Therefore, separate energy equations have to be solved for the solid and fluid parts. These equations are as follow
The effective thermal conductivities of solid and fluid phases are as follow
In equations (7) and (8), the LHS includes the transient energy content of solid and fluid and the convective term of fluid. In the RHS, then, the first terms denote the conductive terms in solid and fluid while the second terms are the internal convective terms between fluid and solid. Parameter h sf denotes the heat transfer coefficient between solid and fluid, with a sf as the specific surface area of the interface. Alazmi and Vafai 11 have suggested three different models to obtain the heat transfer coefficient and specific surface area of porous media. Regarding the low range of Reynolds number within the porous media Re dp ¼ 
Also, thermal conductivity and specific heat of the fluid are specified as functions of temperature in order to get more accurate temperature profiles.
Equation of state.
When the fluid enters the porous layer, due to its temperature, it starts to evaporate as it flows toward the thrust chamber. However, it is assumed that the fluid suddenly evaporates when entering the porous layer. The fluid density is a function of its pressure and temperature. This suggests that if the coolant fluid is treated as a perfect gas, the equation of state will be then applicable. This equation (i.e. equation 13) can be used to determine the density of fluid regarding its pressure and temperature.
Numerical method
As mentioned earlier, the conservation equations of mass, momentum, and energies create a weak compressible flow modeling in the porous sample and need to be solved in a different manner. According to the nature of these equations, the flow does not contain any discontinuities concerning parabolic form of the energy equation as well as the low range of Darcy velocity within the porous media. Therefore, second order finite difference approximations are applied to equations (5) and (6) so that the velocity and pressure fields are solved, respectively. As to the energy equations in the solid and fluid phases, an explicit scheme is applied. This approximation method is a second-order central difference procedure in space which takes the mid-point grids into consideration. It also uses a first-order forward difference approximation in time.
Initial and boundary conditions
The system is assumed to be a hollow cylinder where the coolant is flowing radially through. As shown in Figure 1 , the coolant is maintained at a specified pressure and temperature of P c and T c and injected at the outer surface of the cylinder. Therefore, the pressure and fluid temperature can be directly obtained from these conditions, while the velocity comes from the continuity equation. Density, then, is calculated from the equation of state. The boundary conditions at the outer surface can be presented as
Also, the solid temperature at the outer surface will be equal to the temperature of the coolant container. Thus, it is appropriate to express it as
On the other hand, at the inner surface, which is in direct contact with hot gases flowing in the thrust chamber, the pressure can be obtained from the conditions of the thrust chamber.
The solid temperature can also be found from the energy balance at the interface as follow
Parameter h hg in equation (20) is the heat transfer coefficient at the hot face, and it is obtained from a transpiration model proposed by Kays. 12 Kays derived a correlation for Stanton number at the thrust chamber wall which is exposed to transpired cooling flow. The relation is expressed as
where St hg,0 denotes the Stanton number for the case of no transpiration cooling. It can be estimated through a correlation presented by Dittus for the case of cooling as follows 13 St hg,0 ¼ 0:026Re
When the Stanton number is calculated, the heat transfer coefficient can be obtained from
To find the density at the hot face, it can be an appropriate assumption to define the temperature difference between solid and fluid as:
Finally, Darcy velocity can be calculated from continuity equation as
In addition, the following initial conditions are implemented as
Modeling of thrust chamber
The thrust chamber is considered as a nozzle. To obtain the velocity (Mach number), pressure, and temperature fields within the nozzle, the equations of continuity, momentum, and energy have to be solved. As the transpiration cooling occurs, the injected coolant, which absorbs the heat from the walls, goes to the nozzle. According to the interaction between the nozzle and the porous media, it is assumed that there is mass addition, friction, and heat transfer to the nozzle (work addition to the control volume is neglected). 14 An infinitesimal control volume of the flow within the thrust chamber is shown in Figure 4 . The effects of heat and mass addition, friction, and area change are also included in this figure. Applying mass, momentum, and energy conservation equations, the following differential equation can be obtained 14 which yields Mach number differential change as a function of area variation, friction factor, stagnation temperature, and mass flow rate differential changes.
In the equation above, the parameter can be obtained from
Also, the term dT t T t denotes stagnation temperature changes regarding heat transfer and flow work (in the absence of work), and can be calculated from
In equations (32) and (33), Q is the differential heat transfer to the control volume and dH is the net specific enthalpy entering the control volume. Additionally, c p is the specific heat of the flow in the control volume at the temperature T. In order to have a mathematical analysis of the heat transfer to the porous wall (as the boundary condition), a onedimensional solution method is chosen for the flow of the gas through the nozzle. 14 Equation (31), which is a first-order ordinary differential equation, needs to be integrated with respect to the length of the nozzle, which is used to yield the distribution of Mach number in the nozzle. Also, equation (32) should be integrated to calculate the stagnation temperature distribution along the nozzle. Having Mach number and stagnation profile determined, one may calculate the temperature distribution using the following temperature ratio as a function of Mach number and stagnation temperature.
To integrate the differential equation of Mach number, the mentioned terms have to either be expressed as functions of the nozzle length, say 'x', or be expressed as difference forms. Since the upstream flow condition in the nozzle is known, a backward difference approximation can be used to calculate the derivative terms. For instance, the term dA dx and d _ m dx can be calculated as follow
Uniform grid division is then applied to the nozzle as ''control volumes'' which center points are used to store the properties of gas flow. It is assumed that the first control volume is the upstream point at which all the properties such as Mach number, temperature, and pressure are given. Then a fourth-order RungeKutta method is applied to integrate equation (31) along the nozzle. To implement the RK4 method on this IVP, initial conditions are needed in order to start the solution. By integrating this equation, Mach number of each control volume can be determined from its previous Mach number. Finally, the Mach number of entire nozzle is calculated. During this procedure, the stagnation temperature and temperature of each control volume can be found from equations (32) and (34).
Stability analysis and grid sensitivity
Two mathematical models have been developed: mathematical model for the porous layer and mathematical model for the nozzle. First, those models have been tested separately for stability, accuracy, and grid sensitivity.
Model for porous media
Stability analysis. A Von-Neumann stability analysis is considered in order to obtain the domain of stability and convergence criteria of the methods used in this research. 15 Finally, the condition is
Grid and time step sensitivities. The grid size of numerical method is tested and the results are compared for five different grid sizes applied to the radial distance as 6, 11, 21, and 31 nodes. Table 3 shows the error analysis which is compared to the hot face temperature of the finest grid (i.e. 31 nodes) to clarify the grid size dependency of this method. An identical time step equal to 0.1 s (i.e. Át ¼ 0.1 s) is applied to all the number of grids. As the errors show, more deviation in the temperature profile appears for the case of six nodes. Acceptable accuracy is gained with respect to the grid sizes for both 21 and 31 nodes. The size of the time step in the numerical method must be selected to satisfy the stability criterion. Figure 5 illustrates the temperature comparison of the numerical method for six different time steps. All of these time steps are applied to a model with the grid points of 21 (i.e. node ¼ 21). The results indicate very close temperature profiles as the time step decreases. This implies more accurate and stable results for a wide range of time steps.
Gas flow equations
The differential equation of Mach number is solved using the fourth-order Runge-Kutta method. Difficulties occur in obtaining the criterion of stability of the Runge-Kutta method due to the fact that the Mach number distribution is a multivariable function. Another method of analyzing the stability of this method can be studying its grid sensitivity, which can reveal the extent to which the solution remains within its range of stability and consistency.
However, it shows the domain of accuracy of the numerical solution.
Grid sensitivity. A grid sensitivity test is performed to determine the stability and accuracy range of the Runge-Kutta method. As a result of this test, the grid size of 201 nodes yield acceptable accuracies of gas property distributions.
Results of parametric studies
Parametric studies are performed in order to clarify the main factors dealing with transpiration cooling and also their importance during this process. The significance of parametric studies on transpiration cooling process determines the effects of the parameters such as coefficient of internal convection heat transfer which cannot directly be measured in experiments. In this section, first, a complete analysis is carried out on the main parameters within the porous layer, which have important roles on the cooling process. Subsequently, a comprehensive coupled model of transpiration cooling that considers the interactions between porous layer and gas flow is presented.
Flow in porous medium
As a parametric study, the effect of four parameters is studied: coolant mass flow rate, coefficient of heat transfer, coolant gas type, and the sample thickness. The study on each parameter is performed in such a way that all the other parameters are kept constant. The sample porous layer is assumed to be a Si-C porous material having a thickness of 6 cm. The porous layer has the inner and outer radiuses of r i ¼ 15 cm and r o ¼ 21 cm, therefore, the inlet and outlet areas (i.e. inner and outer side areas) can be calculated as follow
Also, the properties of the sample are presented in Table 4 . Uniform grid sizes corresponding to 21 nodes and time steps of 0.001 s are applied to the code. Effect of coolant mass flow rate. Six different mass flow rates (0.0, 0.1, 0.5, 1.0, 2.0, and 5.0 g/s) of liquid hydrogen are considered. The corresponding mass flux for the specified flow rates is determined and presented in Table 5 . The coolant is injected from the cold face at a pressure of 1.35 MPa and temperature of 290 K. Also, hot gases, having the temperature of 800 K, are in contact with the hot face, where the convective heat transfer coefficient is 100 W/m 2 .K. Figures 6 and 7 show the temperature profile of solid and fluid for mass flow rates of the coolant, respectively. As to the lower mass flow rates, such as 0.0, 0.1, and even 0.5, the convective terms in the solid and fluid energy equations diminish, thus allowing both temperature distributions to become almost linear. As the coolant flow rate rises, the temperature profiles form exponential distributions and the effect of cooling can be observed within the sample. Regarding the case of no cooling (i.e. mass flow rate-¼ 0), the solid and fluid temperatures reach about 766 K at the hot face and 417 K at the cold face, whereas the temperatures for the highest coolant flow rate are 629 K and 299 K at the hot and cold faces, respectively.
The temperature of the solid phase at the hot and cold boundaries versus coolant flow rates are illustrated in Figure 8 . The solid and fluid temperature profiles for the coolant mass flow rate of 5.0 g/s are presented in Figure 9 . The solid and fluid temperature profiles are similar to what was expected (see Figure 2 ). It can also be concluded that the both temperature profiles are remarkably similar. Figure 10 shows the temperature difference between solid and fluid with respect to the coolant flow rates. Regarding this figure, for lower coolant flow rates, the temperature difference within the entire sample remains extremely low at a constant range. As the flow rate increases, because of cooling effect, the temperature different becomes significant, especially, at the hot face. Another reason of this significance is the larger value of coolant velocity, which does not allow two phases to exchange heat between each other. Therefore, it can be stated that the temperature difference between solid and fluid phases can be negligible at higher temperature and lower flow rates, and this implies the thermal equilibrium state. The coefficient of internal convective heat transfer between solid and fluid within the sample is presented in Figure 11 , suggesting that the behavior of convection coefficient is similar to the temperature distribution. This means that the profile is linear and possesses higher values for lower mass flow rates while the profile in no longer a straight line and has lower values for the higher flow rates. This is because of the thermal conductivity of fluid (i.e. k f ), which is a function of temperature. The heat transfer coefficient expressed in equation (11), demonstrates that the coefficient is dependent on the fluid thermal conductivity, Prandtl number, and also the Reynolds number. However, the effect of fluid thermal conductivity is stronger than those two factors, which makes the heat transfer coefficient rather a function of temperature.
Effect of hot boundary condition. During the transpiration cooling, two parameters at the hot face can remarkably interfere with the process of the convective heat transfer at the hot boundary, and the hot gas temperature. In order to observe the effect of these parameters, the same porous sample is considered while hydrogen, as the coolant, flows at a rate of 7.0 g/s through it. The coolant is injected from the same cold face condition. Two cases are considered with different hot face conditions: first, a hot gas temperature of 800 K with different coefficients of heat transfer of 100, 500, and 1000 W/m 2 .K. The results are arranged so that the temperature profiles within the sample can be observed. The second condition is to consider the convective heat transfer coefficient of 300 W/m 2 .K with the hot gas temperatures of 500, 700, and 900 K. Similar profiles of hot and cold face temperatures are prepared to illustrate the heat penetration into the sample. Figures 12 and 13 show the profiles of the first and second cases, respectively.
Effect of sample thickness. Another parameter is the sample length (radial thickness) that has a significant effect on transpiration cooling. A similar Si-C porous material is selected with various lengths, and incoming heat flux of 5000 W/m 2 as well as mass flow rate of 2 g/s is applied to the problem. Temperature profiles are then compared and shown in Figure 14 . According to this figure, the hot face temperature increases as the length increases. In addition, as the length of the sample increases, the diffusive heat transfer toward the cold face decreases, which causes more heat storage within the sample and, therefore, higher temperature at each node. Effect of coolant gas type. Transpiration cooling problem was previously solved using hydrogen as the coolant. In this part, air and helium are tested to compare their cooling capacities with that of hydrogen. The porous material is assumed to be Si-C with the specified properties. These gases have different specific heats and thermal conductivities, hence, different cooling effects. It is assumed that a constant heat flux incoming to the sample at the hot face of 5000 W/m 2 , and the mass flow rate of the coolants is taken to be 7.0 g/s. Corresponding temperature distributions in the sample are obtained and shown in Figure 15 . According to this figure, the hot face temperature of air reaches 1436 K, which is beyond the temperatures of the other gases. The cooling capacity of hydrogen is observed to be higher than helium and air, implying that hydrogen is the best coolant among these gases. The reason is the very high heat capacity of hydrogen as well as its high thermal conductivity which can absorb and transfer the heat along the coolant flow. Moreover, the cooling capacity of air is less than the other two gases, which makes this gas a weak choice for using as the coolant.
Cooling efficiency. Figure 16 also shows the effect of coolant flow rate on the heat penetration into the sample. Two extreme states can be defined for the wall: uncooled (i.e. no transpirations cooling) and cooled (i.e. maximum transpiration cooling, which reduces the wall temperature to the injected coolant temperature). It would be appropriate to introduce a temperature difference parameter, . It is the difference between the uncooled temperature and the actual temperature of the wall. It can be expressed as
It can be concluded that becomes maximum when the wall temperature reduces to its minimum value (i.e. coolant temperature). Therefore, the heat-blocking effect of the transpiration cooling can be better observed by defining cooling efficiency on the hot face (i.e. wall) of the sample. Based on the two extreme cases, the cooling efficiency can then be expressed as the ratio of the temperature difference parameter over its maximum value.
According to the definition above, the cooling efficiency has its minimum value ''zero'' for the pure conduction case. Also, the maximum value of cooling efficiency has a value of ''one'' in the case of minimum wall temperature. It is predicted that this factor increases as the coolant flows through the sample and gets its maximum for the maximum coolant mass flow rate, thus generating the maximum cooling effect. Therefore, the higher the coolant mass flow rate, the higher the cooling efficiency. This parameter is calculated for different coolant mass flow rates (see Figure 17 ). According to this figure, the efficiency factor is equal to zero when the mass flow rate is 0.0 g/s, and it rises up as the mass flow rate increases. This factor for the mass flow rates of 2.0, 5.0, and 7.0 g/s would be 0.45, 0.73, and 0.80, respectively.
Hot gas flow. In the previous section, a comprehensive analysis of the parameters in the coolant flow through the porous media was performed. However, it is more appropriate that these factors are shown in a more realistic condition occurred with the transpiration cooling. Therefore, in this part, transpiration cooling is studied, concerning its nature of blocking and carrying the incoming heat back into the hot gas stream. To achieve this goal, the equations of flow within the porous medium are solved, coupled with the equations of hot gas in the thrust chamber. Therefore, the case is defined as a set of a converging-diverging nozzle and a porous segment, covering its converging part. The porous segment can be assumed as a hollow cylinder which covers the converging part of the nozzle until its throat. Figure 18 demonstrates schematic of the porous segment. It is made of several one-dimensional channels to carry the injected coolant towards the thrust chamber. But, the conductive heat transfer within the segment can be in both radial and axial directions. However, due to the focus on the convective effect within the porous channels, special manufacturing can be carried out such that the axial term of the conductive heat transfer can be assumed to be negligible. In other words, this is a semi-twodimensional model, which aims to apply one-dimensional equations to the transpiration cooling process and obtain acceptable parametric results.
A sample converging-diverging nozzle, having circular cross section and length of 2 m, is chosen with the following profile
The nozzle profile is illustrated in Figure 19 . It has an inlet/outlet area ratios of (see Figure 19) . The nozzle profile is assumed to be in contact with a porous segment.
The coolant is assumed to be liquid hydrogen, which is the fuel of the liquid rocket and, therefore, the combustion gas products (i.e. water vapor) are flowing through the nozzle. The inlet condition of the nozzle is assumed to be M i ¼ 0.301, T i ¼ 986.7 K, P i ¼ 9.44 Â 10 5 Pa. The porous segment is a Si-C material with the given properties in the previous section. Regarding its application in the mentioned rocket nozzle, a length of 50 cm and a thickness of 2 cm is specifically assumed and considered. Also, the coolant has an injection pressure and temperature of 1.35 MPa and 290 K, respectively. The case can be set as controlling the temperature of the nozzle wall by means of transpiration cooling.
The limiting temperature for this case is set to 750 K. It can be observed that the Mach number distribution does not change significantly. This means that the flow conditions in the converging, throat, and diverging sections maintain the standard working conditions. According to the hot gas temperature distribution in Figure 20 , it appears that unlike the Mach number, temperature of the gas shows an increase within the nozzle. In the isentropic flow, the gas temperature is about 980 K at the inlet, and due to the condition of flow, it decreases along the nozzle to 400 K at the outlet. After transpiration cooling, the temperature increases locally in the converging part on the nozzle and obtains a value of 994 K; afterward it decreases as it flows through the nozzle. Figure 20 shows that the transpiration cooling process shifts the temperature profile upward. This increase can be the result of the heat blocking effect of the transpiration cooling. Also, the coefficient of heat transfer at the nozzle wall illustrated in Figure 21 demonstrates that the profile starts at about 600 W/m 2 ÁK at the inlet and reaches to 1350 W/m 2 ÁK at the throat, which has a maximum about the location of the throat. After the throat, the profile declines along the nozzle to the value of 300 W/m 2 K at the exit because the coefficient of heat transfer is a function of both velocity and temperature of the gas. Therefore, the coefficient is higher at the throat compared to the other points of the nozzle. Regarding the coefficient of heat transfer, the total convective heat transfer between the hot gases and the nozzle is also calculated and presented in Figure 22 . This figure shows that the convection has its maximum of 5.15 Â 10 5 W at the beginning of the nozzle, and it goes down to 4.0 Â 10 5 W at the throat. In spite of this difference, the range of the heat transfer is at a similar order. The total mass flow rate of the coolant along the porous segment is calculated to be 6.0 kg/s. Also, the average mass flow rate of the coolant from each channel is about 0.2 kg/s, and the distribution of the coolant mass flow rate is almost uniform because the gas temperature is higher than the other points at the beginning of the nozzle, and the coefficient of heat transfer is higher than the other points at the throat. Therefore, both regions create an almost similar hot face condition at the nozzle walls. Finally, the wall temperature, which is controlled by the coolant flow through the porous channels, is demonstrated in Figure 23 . All the values are below 750 K, as presented in this figure. Also, the curve shows that the transpiration cooling is more effective at the beginning and the throat of the nozzle than the other points.
Conclusion
In this study, the transpiration cooling in a rocket thrust chamber is modeled as steady state one-dimensional non-equilibrium in cylindrical coordination. The method of solution needed to be tested and verified for a normal range of transpiration cooling problems. Therefore, the results of the experiments available in open literature are considered. The results of this study were divided to two parts: first, a wide range of parameters, such as coolant flow rate, hot boundary condition, gas type, and sample thickness were studied, which have specific effects on temperature distribution and thus transpiration cooling. According to the results:
. In comparison with the case of no transpiration cooling, coolant injection in the porous sample can effectively reduce its temperature. . Small amount of coolant mass flow rate growth can significantly affect the temperature profile within the porous layer. . Heat removal at the hot face of the thrust chamber, due to high temperature boundary condition, can be performed much easier than that of high heat transfer coefficient. . Hydrogen, which happens to be the fuel also, was shown to be a very effective coolant while air could not stand as a proper cooling fluid. . The increase in the porous layer thickness increases the heat resistance and magnifies the cooling process, although with greater temperature values. In the second part, the equations of flow within the porous media were solved together with the equation of hot gas in the nozzle. More parameters such as heat transfer coefficient along the nozzle, convective heat transfer between the gas and the porous wall, and the porous wall temperature were obtained and studied. The results showed that the major heat transfer to the porous layer is in the converging part of the nozzle because of the effects of the gas flow temperature and coefficient of heat transfer. The highest coefficient of heat transfer occurs at the nozzle throat. It was also shown that the gas flow temperature is affected by the coolant flow entering the nozzle flow because of heatblocking process of transpiration cooling. Although the parameters and conditions in the nozzle flow simulation are close to their actual and operational ranges, the transpiration cooling model which was simulated in the rocket nozzle is prepared for a pure academic purpose. This research is concerned with two points of view: a complete mathematical modeling of transpiration cooling in one-dimensional cylindrical domain, and an engineering analysis which proposes the important parameters and the range of their variation to obtain the optimum cooling performance.
Since the numerical study of the transpiration cooling is an ongoing area of investigation, the findings of this study suggests that a two-dimensional cylindrical transpiration cooling modeling as the cooling part of a rocket engine needs further research and inquiry in order to obtain the optimum performance of the engine. According to the real physical conditions of the porous layer, the injected coolant (hydrogen in this model) is supercritical. Therefore, this model should consider the effect of the coolant real conditions within the porous layer besides the gas property changes across the boundary layer in the nozzle.
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